We have identified oleuropein (Ole) and hydroxytyrosol (HT) as a unique class of HIV-1 inhibitors from olive leaf extracts effective against viral fusion and integration. We used molecular docking simulation to study the interactions of Ole and HT with viral targets. We find that Ole and HT bind to the conserved hydrophobic pocket on the surface of the HIV-gp41 fusion domain by hydrogen bonds with Q577 and hydrophobic interactions with I573, G572, and L568 on the gp41 N-terminal heptad repeat peptide N36, interfering with formation of the gp41 fusion-active core. To test and confirm modeling predications, we examined the effect of Ole and HT on HIV-1 fusion complex formation using native polyacrylamide gel electrophoresis and circular dichroism spectroscopy. Ole and HT exhibit dose-dependent inhibition on HIV-1 fusion core formation with EC 50 s of 66-58 nM, with no detectable toxicity. Our findings on effects of HIV-1 integrase are reported in the subsequent article.
Discovery of small-molecule HIV-1 fusion and integrase inhibitors oleuropein and hydroxytyrosol: Part I. Integrase inhibition
At present, 29 drugs are licensed by the FDA for the treatment of HIV-1 infection in the United States [1] . These agents can be classified according to their mechanism of action: reverse transcriptase inhibitors (RTIs) (nucleoside, NRTIs and non-nucleoside, NNRTIs), protease inhibitors (PIs), fusion inhibitors, and multi-class combination products (MCCP). The combination of RTIs and PIs, commonly known as Highly Active Antiretroviral Therapy (HAART) [1, 2] , has significantly reduced morbidity and mortality, transforming HIV/AIDS into a manageable chronic illness. Although HAART can favorably influence disease progression, it does not cure HIV infection. Antiviral therapy must be maintained long-term, and serious chronic toxicity, therapy fatigue, and drug resistance have become major issues.
New therapeutic approaches include the fusion inhibitor Fuzeon (T-20, enfuvirtide), the non-peptidic PI Tipranavir, the new PI darunavir and the recently approved MCCP Atripla. However, existing experience with HIV-1 highlights the need to use multiple effective agents in combination for maximal and durable effect. Thus, the search for novel anti-HIV agents continues to be of great significance, especially those capable of affecting multiple stages of the viral life cycle.
We previously reported that olive leaf extract is potent against HIV-1 [3] . We investigated its anti-HIV properties and discovered that oleuropein (Ole) and its main metabolite, hydroxytyrosol (HT) are the key anti-HIV components. They are active against multiple stages of the HIV-1 life cycle, inhibiting cell-to-cell HIV-1 transmission and viral core antigen p24 production. Molecular docking simulations indicate that Ole and HT interact with the conserved hydrophobic pocket on the surface of the central trimeric coiled-coil of HIV-gp41 fusion complex, the six helical bundle (6HB), and the catalytic core domain (CCD) of HIV-1 integrase active site. In this article, we report our findings on identification and characterization of Ole and HT, as well as testing and confirmation of modeling predictions on their anti-HIV fusion activity.
Materials and methods
Oleuropein (Ole) and hydroxytyrosol (HT). Oleuropein (Ole) was purified from olive leaf extract, characterized, and standardized by liquid chromatography-coupled mass spectrometry (LC-MS) [3] . Hydroxytyrosol (HT) was prepared by stepwise hydrolysis of Ole with b-glucosidase (Sigma G4511) in 80 mM sodium acetate, pH 5.0 using 1 U/lmole substrate at 37°C for 1 h. This treatment removes the glucose moiety from Ole and yields oleuropein aglycone (Ole-AG). Ole-AG was subsequently hydrolyzed with esterase (Sigma E0887) in 50 mM sodium phosphate buffer at pH 7.5 at 1 U/lmole substrate at 25°C for 1 h to yield hydroxytyrosol and elenolic acid. The mixture was separated by HPLC and standardized by LC-MS. HT was also prepared by chemical synthesis from 3,4-dihydroxylphenylacetic ester (DHPA).
Cell lines and HIV-1. Uninfected MT2 and H9 cell lines, and HIV-1 IIIB chronically infected H9 (H9/HIV-1 IIIB ) and HIV-1/IIIB virus, were obtained through the AIDS Research and Reference Reagent Program, NIAID, NIH. MT2 cells [4, 5] were obtained from Richman, and H9 and HIV-1IIIB virus stocks [6, 7] from Gallo. The cell lines were cultured in RPMI medium 1640 containing 100 U/ml penicillin, 100 lg/ml streptomycin, 2 mM L-glutamine, and 10% heat-inactivated fetal calf serum. Viral stocks were prepared and standardized as described [8] .
Anti-HIV and cytotoxicity assays. The effects of Ole and HT on acute HIV infection and viral replication were measured by assays on syncytial formation in cell-cell HIV-1 transmission and on HIV-1 core protein p24 expression as described [8] . Cytotoxicity was evaluated by the MTT assay [8] .
Molecular modeling. Molecular modeling was performed by molecular docking, molecular dynamics (MD) simulation, and free energy calculations [9, 10] . Docking was performed with Autodock version 3.0.5 [11] . The relaxation of docking structure obtained was then implemented under Discovery from Insight II (Accelrys Inc., San Diego, CA, USA) using 500 steps of Steepest Descent followed by Conjugate Gradient until the root mean square of the energy gradient reaches a value of 0.01 kcal/mol Å .
HIV-1 gp41 fusion peptides C34 and N36. HIV-1 gp41 fusion peptides, N36 and C34 were synthesized by solid-phase FMOC method (GeneMed, CA) and purified by HPLC. The sequences of these peptides are (Ac-SGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL-NH 2 ) and (Ac-WMEWDREINNYTSLIHSLIEESQNQQEKNEQELL-NH 2 ), respectively. Corresponding viral peptides N36 and C34 prepared from HIV-1 were obtained through the NIH AIDS Research and Reference Reagent Program, NIAID, NIH [12] and used as standards for purification and bioassays.
Fusion complex formation. Fusion complex formation was carried out by incubating equimolar amounts of HIV-1 gp41 fusion peptides N36 and C34 in PBS (phosphate-buffered saline, containing 50 mM sodium phosphate, pH 7.2 and 150 mM NaCl) at 10 or 20 lM each at 37°C. Peptide N36 was first incubated either alone or with various concentrations of Ole or HT for 30 min. Next, an equimolar amount of C34 was added and the samples incubated for 30 min.
Native polyacrylamide gel electrophoresis (N-PAGE). N-PAGE was carried out as previously reported [13] with modifications that involve fusion peptide concentration, order of reactions, and time of incubation in fusion complex formation. Tris-glycine gels (18%, Invitrogen, Carlsbad, CA) were electrophoresed at 120 V for 2 h, stained with Coomassie blue and analyzed by densitometry.
Circular dichroism (CD) spectroscopy. CD spectra were recorded on an AVIV 62-DS CD spectrometer, using 1 mm sample cells and a fixed temperature of 4°C [8] . Each spectrum is a smoothed average of 10 scans. The bandwidth for each measurement was 1 nm. CD intensities are expressed as mean residue ellipticities [h] (degrees cm 2 /dmol). Prior to calculation of the final ellipticity, all spectra were corrected by subtracting the reference spectra of PBS without peptides.
Results
Preparation and LC-MS analysis of oleuropein (Ole) and hydroxytyrosol (HT) Ole fractionates as a single peak by HPLC at 1.848 min with m/z of 539 and HT as a single peak by HPLC at 1.108 min with m/z of 153. Fig. 1E shows the major steps in Ole metabolism. These are also the basic reactions in HT preparation from Ole. First, the glucose moiety is removed by b-glycosidase to yield oleuropein aglycone (Ole-AG). Next, Ole-AG is hydrolyzed by esterase to yield HT and elenolic acid (EA). Fig. 1F shows chemical synthesis of HT using 3,4-dihydroxylphenylacetic acid (DHPAA) as the starting material. Two major steps are involved: (1) acetylation with acetyl chloride (AcCl), and (2) reduction by LiAlH 4 to yield HT. Chemically synthesized HT was purified and characterized by LC-MS, and demonstrates identical biological, chemical and physical properties as natural HT prepared from Ole from olive leaf extract.
Ole and HT inhibit HIV-1 infection and replication, but are not toxic to target cells
Ole and HT exhibit dose-dependent inhibition of HIV-1 infection and replication as measured by syncytial formation and p24 production ( Table 1 ). The average EC 50 for Ole is 55 nM for syncytial formation and 73 nM for p24 production. The corresponding EC 50 s are 61 and 68 nM for HT. No cytotoxicity was detected, either by MTT assay or trypan blue dye exclusion, over a 10,000-fold concentration range from 1 nM to 10 lM. The EC 50 s for inhibition on fusion complex, 6HB formation are also presented in Table 1 .
Ole and HT bind to the conserved hydrophobic pocket on the surface of the central trimeric coiled-coil of HIV-1 gp41
Inhibition of syncytial formation by Ole and HT reflects effects on early events during viral infection/entry, including CD4 receptor and coreceptor binding as well as viral fusion. To probe anti-HIV mechanisms of Ole and HT, we carried out molecular docking and MD calculations of these small molecules with viral targets. We found that Ole and HT bind to the conserved hydrophobic pocket on the surface of the central trimeric coiled-coil of the HIV-1 gp41 fusion domain.
HIV-1 envelope glycoprotein (Env) mediates viral entry by fusing virus to target cells. Env is trimeric on the virion surface. Each monomer contains a surface subunit, gp120, for virus binding to CD4 receptor and coreceptors [14] [15] [16] [17] and a noncovalently associated transmembrane subunit, gp41, that mediates fusion of the virus with the target cell [18, 19] . Fig. 2A shows the structure of HIV-1 gp41. Like other type I transmembrane proteins, HIV-1 gp41 consists of extracellular (ectodomain), transmembrane, and cytoplasmic domains. The ectodomain contains four functional regions: the fusion peptide (FP), N-terminal heptad repeat (NHR), C-terminal heptad repeat (CHR), and a tryptophan-rich region (TR). Binding of gp120 to the cellular receptor CD4 and coreceptor triggers conformational changes in gp41 that induce fusion [20] [21] [22] [23] . This increases exposure of two heptad repeat motifs, NHR and CHR, and insertion of the fusion peptide into the target membrane [20] [21] [22] [23] . Subsequently NHR and CHR fold in an antiparallel manner to create the six-helix bundle 6HB composed of a trimeric NHR coiled-coil core surrounded by three CHR helices that pack in the grooves of the coiled-coil as seen in Fig. 2B [24] [25] [26] . Formation of the 6HB promotes fusion between viral and cellular membranes and is essential for viral entry and infection [25, 26] . Ole and HT interact with the NHR coiled-coil trimer N36 helices and interfere with the formation of 6HB with the CHR, C34, as shown in Fig. 2C and D.
We used the crystal structure of the HIV-1 gp41 fusion complex, PDB code 1AIK [20] as a reference for our modeling work. To provide a ligand-binding site, one of the C34 helices was removed from the 6HB (Fig. 3A ). Fig. 3B shows the chemical structure of Ole with the 9 free rotatable bonds selected in our modeling interaction.
Molecular simulations suggest that the conserved hydrophobic cavity of the gp41 N36 trimer coiled-coil is the most likely binding site for Ole and HT. This cavity is mainly occupied by W628, W631, and neighboring I635 and D632. The predicted binding structures of Ole and HT are shown in Fig. 3C and D, respectively. Ole and HT form stable hydrogen bonds with Q577 on the N36 peptide. Fig. 3E and F are ribbon representations of the predicted binding site of Ole and HT. 5HB, consisting of three N36-peptides (pink, residues 546-581) and two C34 peptides (green, residues 628-661), is used for docking calculations. Only one groove is exposed for the binding of small molecules. Both Ole and HT occupy the binding site similarly, with the diphenol ring forming stable hydrogen bonds with Q577. This blocks the close contacts between the hydrophobic groove in the gp41 NHR and the indole rings of W631 and W628, thus interfering with the formation of 6HB. In addition to hydrogen binding, hydrophobic interactions with I573, G572, and L568 also play important roles in the interaction.
Native PAGE shows that Ole and HT inhibit HIV-1 fusion core 6HB formation
To test the predictions from molecular modeling, we examined the effect of Ole and HT on the formation of fusion complex 6HB by electrophoretic mobility shift using native PAGE (Fig. 4A) . The electrodes were connected from cathode (negative terminal on top) to anode (positive terminal on bottom) and the peptides move in the electric field according to their charge and size. Peptides carrying net negative charges, such as C34, move toward the positive terminal (bottom) whereas peptides carrying net positive charges, such as N36, move toward the negative terminal or remain at the top of the well. Incubation of N36 and C34 resulted in the formation of the 6HB fusion complex which is larger than C34, moves slower than free C34, and thus migrates to the middle of the gel. Pre-incubation of N36 with Ole or HT results in inhibition of 6HB formation. A dose dependent disappearance of 6HB band was detected with concomitant appearance of the free C34 band. Total inhibition is achieved at 100 nM Ole or HT with EC 50 s around 66 and 58 nM. These results confirm the predictions from molecular modeling.
CD analysis indicates that Ole and HT inhibit HIV-1 fusion core 6HB formation
We also used CD analysis to confirm molecular modeling predictions (Fig. 4B) . Because N36 and C34 are singlestranded random coils, they do not assume ordered structure in solution, so they display characteristic random coil CD spectra. However, formation of fusion complex 6HB results in a distinctive CD spectrum, including a saddle-shaped negative peak between 210 and 220 nm in the far UV region and a significant increase in molar ellipticity (h) at 222 nm. Pre-incubation of N36 with Ole or HT interrupts 6HB formation and results in a dose-dependent shift of the CD spectra from helical to random coil with EC 50 s of 62 nM for Ole and 60 nM for HT.
Discussion
Ole and HT are small molecules with molecular weights of 539 and 153, respectively. Their inhibition of the fusionpromoting refolding of gp41 is an excellent example of how small molecules can block formation of protein-protein complexes. We narrowed down the target of binding to a hydrophobic pocket on the gp41 inner core. This pocket is highly conserved among the different HIV clades. Consistent with this, we found that Ole and HT are active against a panel of HIV-1 primary isolates that includes both M and T tropic strains from different clades. Our results suggest that Ole and HT may be useful against other viruses with type I transmembrane envelope glycoprotein, including severe acute respiratory syndrome associated coronavirus [23, 27] , respiratory syncytial virus, Ebola virus [28] , measles virus [29] , and avian flu virus [30, 31] .
Fuzeon (T-20 or Enfuvirtide) is the only FDA approved HIV fusion inhibitor [32, 33] . It is a peptide derived from the CHR region of gp41 that partially overlaps with the C34 sequence. Fuzeon is commercially produced by chemical synthesis. Because of its large size-it consists of 36 amino acids with a molecular weight of 4492-its manufacturing process is very complex, involving 106 chemical steps [34, 35] . In contrast, our typical process for chemical synthesis of HT involves only two steps: acetylation and reduction (Fig. 1F ). In addition, Ole and HT can also be easily prepared from natural olive leaf extract in only two steps: deglycosylation and oxidation (Fig. 1E ). The fact that Ole and HT act both outside and inside of the cellular environments in viral entry and integration offers unique benefits to these small molecules against viral resistance.
